Neutron scattering studies of the magnetic order in RNi -B,C
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Neutron diffraction has been used to investigate the magnetic order gBRNiFor R=Er the

system orders antiferromagnetically &t,=6.8 K, and this long range order coexists with
superconductivitfT,=11 K). The magnetic structure is an incommensurate, transversely polarized
spin-density-wave state, with the modulation wave veétalong thea axis and the moments along

b. § has a temperature-independent value of 0.5&26a), with the structure squaring up at low
temperatures. For RHo the moments also prefer to reside in theb plane, but initially an
incommensurates-axis spiral state forms upon cooling, with~T-~8 K. This c-axis spiral
consists of ferromagnetic sheets of holmium moments irathie plane, but with each sheet rotated

by ~163° as one proceeds along thaxis. Smalla-axis peaks are also observed above the reentrant
superconducting transition over a narrow temperature range, bu-sixés peaks dominate. Just
below the reentrant transition at5 K the magnetic system locks-in to a simple commensurate
antiferromagnetic structure, which permits superconductivity to be restoredc-@kis spiral, the

a-axis component, the commensurate antiferromagnetic structure, and the superconducting phase
are all in a delicate balance energetically, and this balance may be easily shifted by subtle changes
in composition, magnetic field, and pressure. DYNC orders antiferromagnetically @,=11 K,

with the same commensurate antiferromagnetic structure as found for the holmium material at low
temperature. The existence of superconductivity in some samples of,ByNis consistent with

the antiferromagnetic structure observed.1896 American Institute of Physics.
[S0021-897€06)02008-9

I. INTRODUCTION tally in these new materials. We have therefore been carrying
out neutron scattering experiments to explore the nature of
The interaction between magnetic long range order anthe magnetism and its interaction with superconductiify.
superconductivity has been an active area of interest for The samples were prepared by melting the elements Y,
many years. In the Chevrel-phase and related compdundg&r, Ho, Dy, or Ce(purity 99.9%, Ni (99.9%, B (99.8%,
the magnetic ordering temperatures are typically much loweand C(99.7% in an arc-furnace under a protective atmo-
than the superconducting transitions, and are in the temperaphere of flowing argon. ThEB isotope was used to reduce
ture range where dipolar interactions play a crucial role. Anthe effects of nuclear absorption in the samples. The powder
even more extreme situation is found for the hiheuprate  diffraction measurements were carried out on the diffractom-
superconductors, where the rare earth ordering is typicallgters at National Institute of Standards and Technology
~1 K while the superconducting transitions are one to two(NIST), and more recently at the high-flux-isotope reactor
orders of magnitude higher in temperat@Ehe new classes (HFIR) spectrometers at the Oak Ridge National Laboratory
of quaternary intermetallic borocarbide superconductors sucwhen the NIST facilities were unavailable. A standard top-
as the RNjB,C (R=magnetic rare earth ignnaterial$ have loading pumped He cryostat with a Iolvcapability of 1.7 K
therefore attracted considerable attention because the magas employed to control the sample temperature. Data were
netic ordering of the rare earth ions typically occurs at acollected on samples of Er, Ho, Dy, Ce, and Y. No magnetic
much higher temperatufe which requires that exchange order was found in either the'¥ or Ce systems, and so no
interactions dominant the energetics rather than dipolar intefurther discussion of these materials will be given here.
actions. TheT;’s are also comparable to the magnetic tran-
sition temperatures so that the interplay between these twp RESULTS AND DISCUSSION
cooperative phenomena is enhanced. Moreover, the evidence .
to date suggests that the superconductivity is three? HONI2B2C
dimensional in nature, unlike the layered cuprates, and thatit The first system to be investigated with neutrons was
originates from a relatively strong electron—phonon interacHoNi,B,C because of the doubly reentrant superconducting
tion so that the theories advanced to explain the originabehavior exhibited by this materiaBoth the magnetic order
systems can be more readily compared and tested experimesmd the superconductivity begin to develop-a8 K, and
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HoNi,B,C coupled and competing states, with the development of the

80 AR e spiral amplitude driving the system nornfat/®! The
: ety . :;((:;:?m)sq ] simple commensurate antiferromagnetic state, on the other
0r . e Misp)sa ] hand, is not strongly coupled to the superconductivity, which
i r allows the coexistence at low temperature.
60 1 Finally, we note that there is also a small component of
v the magnetism associated with an incommensuaageis

modulation found by Goldmast al.® as also shown in Fig.
1. The intensity of this peak is much smaller than for the
spiral peaks, and exists over a narrower temperature range.
20 L v ] In particular, note that the development of tbeaxis and
i antiferromagnetic intensities occur together, and they start at
20 [ 3 a higher temperature where theaxis intensity is zero. We
. also note that the maximum in intensity for theaxis and
10 [ . ] c-axis reflections occurs at about the same temperature for
i 'v.:o this particular sample, while for other samples they occur at
Oﬁw&mrﬁﬂo o;“%o&%‘ s A quite different temperatures. The relative intensity of these
a-axis peaks and the temperature range where they appear
Temperature (K) also vary substantially from sample to sample. These results
suggest that these-axis peaks again originate from separate
FIG. 1. Temperature dependence of the commensurate antiferromagnetiegions of the sample, and emphasizes that the antiferromag-

(V) Bragg peaks, the incommensuratexis spiral peaks®), and incom-  petjc c-axis spiral,a-axis, and superconducting states are all
mensurate the-axis magnetic peakgéO) for this sample of HONB,C. delicate f ti f th | iti
These data were taken on cooling. elicate functions of the sample composition.

M ()

B. DyNi,B,C

initially two types of magnetic peaks were obser’e@ne The Dy ions in DyN;}B,C order antiferromagnetically at
set.of peaks originates from a Iong-wavelengtlaxys spiral aTy just above 10 K. Within tha—b plane the moments are
antiferromagnetic structure, where the moments in the tetragsrromagnetically aligned, while the structure is antiferro-
onal plane are ferromagnetically aligned, but they spirajnagnetic along the axis® This is the same commensurate,
along thec axis with a relative alignment of 163°. Thus this ¢o|jinear antiferromagnetic structure that is found in the
magnetic periodicity is incommensurate with the underlyingyyoN;i,B,C material at low temperature. The superconducting
chemical unit cell. The second set of peaks originates from @;ate is very sensitive to the precise composition of the
commensurate magnetic structure in which the Ho momentSample, and is present in some samples while absent in
are again ferromagnetically aligned within the tetragonalythers!415f the superconducting state is present then there
plane, but are ant.|ferromagnet|cally coupled alongateis  appears to be little interaction between it and the magnetic
(i.e., a relative alignment of 180°The temperature evolu-  order parameter, with the two coexisting to low temperatures
tion of these two types of peaks is shown in Fig. 1, where theys ound for HoNjB,C.
inter)sities have been normalized to the nuclear peaks. Upon e intensity of th€001) antiferromagnetic Bragg peak
cooling through the ordering temperature we see that thgs shown in Fig. 2 as a function of temperature. The intensity
intensity of the spiral peak in this sample is about twice the,aries smoothly with temperature, with no evidence of any
intensity of 'Fhe(O_Ol) commensurate antiferromagnetic pgak, hysteresig(in contrast to the case of Hoj,C). The solid
which is quite different than found for other samptés™ e is a fit to thes=1/2, 2d Ising model, with the fit being
Thus the relative ratio of these two types of peaks variegestricted to the data belo9 K to avoid the effects of critical
dramatically from sample to sample, and demonstrates thakcattering. The overall fit is relatively good, wilh,=10.16
these two types of magnetic order occur in distinct regions of - However, this curve should be regarded primarily as a
the sample. Indee_d, it is now cléathat bo.th the magnetic  «gyide-to-the-eye” rather than as establishing theé Bing
and supercondu'c.tlng states are very sensitive functions of th&ygel as appropriate; a more definitive test could be made
sample composition for all these materials. . with an extinction-free single crystal. We also tried fitting the

_ Upon further cooling the antiferromagnetic intensity be- 4ata to a mean field model with a variable spin, but the fitted
gins to rapldly increase, while the intensity of t_he spiral state;;rve was not steep enough and the fit was not nearly as
drops rapidly. This is just the temperature regime where th%ood. Finally, we obtained a low temperature ordered mo-

reentrant superconductivity is observed; the superconducting,ant of 8.479) ug from the profile refinements of the full
state that initially forms on cooling is quenched, but then isyiffraction pattern.

regained at lower temperature as the spiral intensity disap-

pears and the antiferromagnetic state becomes fully estal%— ErNiLB.C
lished. At low T only the commensurate antiferromagnetic ~ 2=2
order survives in this sample, and this magnetic order readily  For the Er system the superconducting transition occurs
coexists with the superconductivity. Hence we believe thatt T.~11 K, and superconductivity persists to low tempera-
the spiral magnetic order and superconductivity are stronglyures with no reentrant transitions or evidence of strong cou-
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FIG. 2. Temperature dependence of the intensity of (@) magnetic FIG. 3. Temperature dependence of the primary spin density wave intensity,
reflection for DyNyB,C. The solid curve is a fit to thed2lsing model. and the third harmonic, in ErpB,C.

the HoNi,B,C material as discussed above. Since this large-
$noment magnetic structure readily coexists with supercon-
ductivity in the Er system, it seems unlikely that the weak
%-axis peaks in the Ho material could be the cause of the
reentrant behavior in HobB,C. Thus this is additional evi-
Bence that the reentrant superconducting behavior in the hol-

pling to the magnetic state. The antiferromagnetic orderin
develops affy=6.8 K5 with the Er ions forming a trans-
versely polarized, incommensurate spin density wave stat
The modulation wave vector for this stateds 0.5526(27/
a) and is approximately temperature independent, with th
d'Tec“O” along the aX|§(or equn{alen_tly along thb axis in mium system is associated with the incommensucaseis
this tetragonal systenwith the spins directed alorig (or a). ; .
o magnetic ordering.
The staggered magnetization increases smoothly as the tem-
perature is decreased beloky as shown in Fig. 3, and is
nonhysteretic. Higher-order harmonics &falso develop at ACKNOWLEDGMENTS
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